Glycine, aspargine, and glutamine inhibited the induction by nitrate of nitrate reductase activity in root tips of cotton (Gossypium hirsutum L.). This inhibition was partially or entirely prevented wben the inhibitor was applied in combination with any of several other amino adds. Studies of 14C-labeled amino acid uptake showed that, in most cases, the apparent antagonism resulted simply from competition for uptake. However, certain antagonists did not curtail uptake. The most effective of these were leucine (against all three inhibitors), and isoleucine and valine (against asparagine or glutamine, but not glycine). These results show that interactions among amino acids in the regulation of nitrate reductase inductioi result from at least two mechanisms, one acting on uptake of inhibitory amino acids, and the other involving true antagonism.
In many higher and lower plants, amino acids can block nitrate assimilation at either the nitrate uptake step, or the initial nitrate reduction step, or both (1, 5, 7-10, 12-15, 17) . This phenomenon is generally considered to be an example of end product repression (5, 17) because all reduced N arises from this pathway in nitrate-grown plants. However , another aspect of this regulation deserves attention. Inhibition of NR' induction by single amino acids can apparently be prevented by other amino acids (1, 5) . Several explanations are possible for such antagonistic behavior, ranging from derepression to competition in amino acid uptake (2, 6) . In tobacco cell cultures, the most thoroughly studied higher plant system, threonine prevented independently the absorption of nitrate and the development of NR activity (8) , but arginine reversed this inhibition without affecting threonine uptake (7) . The phenomenon thus appears to be true antagonism rather than uptake competition. What advantage is conferred upon plants by antagonism of inhibition, when the antagonists are themselves end products of the same pathway?
I reported earlier (15) that induction of NR activity in cotton root tips was inhibited by certain amino acids applied alone. The inhibitors appeared to act on induction rather than on nitrate uptake. This paper extends to act on induction rather than on nitrate uptake. This paper extends those observations to include the effects of mixtures of inhibitory and noninhibitory amino acids. Some of these data were reported in preliminary form (16) .
MATERIALS AND METHODS
Induction of NR Activity. Procedures were similar to those described earlier (15) . Seeds of cotton (Gossypium hirsutum L. Table I presents a summation of many experiments in which amino acids were applied singly or in pairs to root tips during induction of NR activity. As found earlier (15), glycine, asparagine, and glutamine inhibited induction while glutamic acid and aspartic acid promoted induction. Cysteine and methionine were also strong inhibitors, although their effects were questionable because of the ease of oxidation of the S atom. The effects of cysteine and methionine were quite variable. All other amino acids tested singly had little or no effect.
The inhibition by glycine, asparagine, and glutamine could be partially or wholly prevented by the presence of other amino acids during the induction period (Table I ). The most effective antagonists were as follows: against glycine: leucine, phenylalanine, and histidine; against asparagine: leucine, valine, isoleucine, and proline; against glutamine: leucine, valine, and isoleucine. Glutamic and aspartic acids were effective against all three inhibitors, but they belong to a special category because 2 Mention of a trademark or proprietary product does not constitute a guarantee or warranty of the product by the United States Department of Agriculture, and does not imply its approval to the exclusion of other products that may also be suitable. 467 Plant Physiol. Vol. 60, 1977 Table I . Effects of glycine, asparagine, and glutamine, alone or combined with other amino acids, on induction of nitrate reductase activity in root tips. In each run, activities were referenced against amino acid-free controls, whose activities varied from 4.5 to 5.5 nmoles NO2/hr-root tip. All amino acids were present at 2 mM. Asterisks indicate those amino acids which were neutral by themselves but were effective in antagonizing inhibition by glycine, asparagine, or glutamine. by the five amino acids (leucine, phenylalanine, histidine, glutamic acid, aspartic acid) that antagonized its inhibitory effect on induction (Table II) . In the glycine-only control, radioactivity was partitioned between the 80% ethanol-soluble phase and the insoluble phase. The latter fraction, which was presumed to contain protein, held about 29% of the counts. Total radioactivity was slightly decreased from the control with leucine present, but was greatly decreased with either phenylalanine or histidine present. Thus, the last two amino acids apparently blocked glycine uptake more effectively than leucine. However, none of the three affected the incorporation of label into the insoluble fraction. In contrast, both aspartic and glutamic acids enhanced the percentage of insoluble label (Table II) . This evidence could indicate either more rapid protein synthesis or a diversion of radiolabeled glycine from the inhibitor pool to the protein precursor pool. Regardless, aspartic and glutamic acids apparently behaved differently from other amino acids. This conclusion is consistent with earlier studies (15) .
Data in Table II for two of the three inhibitors (Fig. 1) . Thus, the great majority of the cases in which a second amino acid antagonized the effect of the first could be explained as competition for uptake. Root Growth on Amino Acid Combinations. Glycine had no effect on root growth in a minus-nitrate medium, but strongly inhibited growth in the presence of nitrate (Table III) . Leucine, however, was toxic to growth either with or without nitrate. Phenylalanine, histidine, aspartic acid, and glutamic acid were all toxic. In no cases were the interactions affecting NR induction reflected in root growth.
DISCUSSION
In the end product regulation of NR induction, there are two classes of amino acids which counteract the inhibition by glycine, asparagine, or glutamine. One class consists of apparent competitors for uptake, which can decrease soluble radioactivity in the roots up to 50% (Fig. 1) In the second class of antagonists are the three branched chain amino acids: leucine, isoleucine, and valine, all of which act without affecting inhibitor uptake. The mechanism of action of these antagonists is not known. In cotton roots induced in the very high nitrate levels of these tests, regulatory amino acids did not affect nitrate uptake rates (15) . In contrast, the regulation observed in tobacco cells and corn roots depended, 
